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Introduction 
The analysis of transport and kinetic mechanisms in electro- 

chemical processes constitutes an important step toward the 
realization of numerous technologies; this is particularly true of 
electrodeposition processes that can be employed in the fabrica- 
tion of thin films. For deposition processes, however, the tools 
required for a complete chemical description are still evolving. 
Microelectrodes have recently been shown to be superior for the 
analysis of electrochemical charge-transfer processes (Wight- 
man, 198 1 ;  Fleischmann et al., 1987). The following advantages 
can be identified: 

The ohmic drop is reduced 
Capacitive currents due to electric double layers are reduced 
Transport is enhanced due to spherical diffusion and migra- 

Small electrolyte volumes can be utilized 
For gas-evolving reactions, gas bubbles do not form even at  

high current densities 
For costly electrode materials, only small amounts of the 

electrode material are required 
The reduction of ohmic and capacitive effects, coupled with the 
ability of microelectrodes to obtain high flux rates without 
observing significant mass-transport resistance, makes microelec- 
trodes ideal for measuring interfacial charge transfer rate 
constants; that is, the majority of the measured potential drop 
can be attributed to charge transfer resistance, which allows for 
a more accurate measurement of the associated rate constants. 

tion processes 

Correspondence concerning this paper should be a d d r d  to M. W. Vcrbruggc. 

In this work, we solve nonlinear transport equations (New- 
man, 1973a; Bard and Faulkner, 1980) for all mobile species in 
our chlorogallate electrolyte. In most electroanalytical studies, 
migration is not addressed (Bamford and Compton, 1986, p. 
123). We develop general models for cylindrical and hemispheri- 
cal electrodes; diffusion and migration are treated numerically, 
without further approximation. Such a treatment is feasible for 
these systems since they maintain a uniform reaction distribu- 
tion, and the transport equations are one-dimensional. The 
model results are compared with those for the traditional 
infinite-plane geometry. Controlled-current and controlled- 
potential experiments for Ga deposition from a room-tempera- 
ture chlorogallate melt that has been used by the authors to 
electrodeposit GaAs (Carpenter and Verbrugge, 1989) are 
analyzed to facilitate an understanding of the complex chemis- 
try associated with this system. Such an understanding is 
necessary for the intelligent design of a process for the formation 
of large-area thin films of GaAs, which would be of great 
technical importance (Frensley, 1987). Migration of the reac- 
tants leading to Ga deposition is shown to be an important mode 
of transport in the analysis. 

Before proceeding with a description of the chemistry of the 
melt system, it is helpful to note relative attributes of the various 
electrode geometries typically used for electroanalytical investi- 
gations; it was through such an analysis that the authors chose 
the microcylinder electrodes for this study. Traditionally, elec- 
trochemical charge transfer reactions have been studied with 
stationary planar and rotating-disk electrodes (Bard and 
Faulkner, 1980; Bamford and Compton, 1986). Dropping- 
mercury electrodes have also been shown to be practical for 
many systems, provided that the mercury surface does not 
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significantly alter the system chemistry. Unless special provi- 
sions are employed, and they usually are not because of 
experimental difficulties, planar electrodes maintain a highly 
nonuniform reaction or current distribution. The same is true of 
the reaction distribution on a rotating disk operated below the 
transport-limited current (Newman, 1966b). Integral transform 
techniques have been used to model transient diffusion to 
stationary disk electrodes for simplified boundary conditions 
(constant flux or concentration conditions) (Oldham, 1981; 
Aoki and Osteryoung, 1981 and 1984; Aoki et al., 1984; 
Fleischmann and Pons, 1988). In addition, integral-transform 
techniques for the steady-state, stationary-disk system (Watson, 
1952; Carslaw and Jaeger, 1959; Nanis and Kesselman, 1971; 
Newman, 1973b) have received renewed interest for the simula- 
tion of steady-state ionic diffusion to microdisk electrodes (Bond 
et al., 1988; Fleischmann et al., 1989). The integral-transform 
techniques are computationally efficient, but can be used only to 
solve linear equations; therefore migration effects generally 
cannot be addressed. Transient, two-dimensional reaction distri- 
butions on microdisk electrodes (in the absence of migration 
effects) have been studied numerically by Flanagan and Mar- 
coux (1973) and by Heinze (1981). Aoki and Osteryoung 
(1981) have compared the various microdisk studies prior to 
198 1. Carlin and Osteryoung (1 988) have recently used micro- 
disk electrodes to investigate the room-temperature chloroalumi- 
nate melt, which is discussed below. The mathematical diffi- 
culties associated with the two-dimensional microdisk system 
have prompted electroanalytical researchers to investigate micro- 
cylinder electrodes (Stephens and Moorhead, 1984; Kovach et 
al., 1985; Aoki et al., 1985; Sujaritvanichpong, 1986; Amatore 
et al., 1986; 1988). Microcylinder electrodes were used in the 
quantitative electroanalytical work of this study because they 
observe all of the advantages cited above for microelectrodes 
and they can be described mathematically by one-dimensional 
treatments. The primary disadvantage associated with microcyl- 
inder electrodes is that transient equations must be solved. The 
application of microelectrodes to specific chemical systems can 
be found in recent reviews (Wightman, 1981; Howell, 1987; 
Fleischmann et al., 1987). 

The room-temperature melt is formed by combining solid 
1 -methyl-3-ethylimidazolium chloride (ImCl) with solid gal- 
lium trichloride, which results in an exothermic reaction that 
yields a liquid phase. Based on the known chemistry of the 
AlC1,-ImC1 system (Hussey, 1983), it is likely that the GaCl, 
accepts a chloride anion separated from the ImCl species, 
forming GaCl,-: 

GaC1, + (Im+ - - - C1-) GaC1,- + Im+ (1) 

with equilibrium constant K,. The GaC1,- species can further 
react with any free GaCI, to form Ga,Cl,-: 

reaction 

kf 
2GaC14- Ga2C1,- + c1- (3) 

k b  

with equilibrium constant KIN. Equations 1-3 can be related by 

kz 

(4) 

where k, and k ,  are forward and backward rate constants, 
respectively. Hussey et al. (1986) have analyzed the chloroalu- 
minate equilibria using Eq. 3 (replacing Ga with Al) to simulate 
AlC1,-ImCl concentration cells. They found that K,,, is 
for the aluminum system. 

The work of Lai and Skyllas-Kazacos (1988) (and other 
researchers noted in their references) indicates that for A1 
deposition from the AlC1,-ImCl melt, the following charge 
transfer reaction takes place: 

A12C17- + 3e- S A1 + AlC14- + 3C1- (6) 

It is believed that the AlC1,- species is too stable to be reduced, 
and that only the reduction of the Al,Cl,- species can lead to A1 
deposition. Since very little chloride ion is present in acidic melts 
(melts containing molar ratios of AlC1,:ImCl that are greater 
than unity), reflected by the small value of K,,/ in these melts, 
the equilibrium expression 2AlC1,- Al,CI,- + C1- is often 
combined with Eq. 6 to yield: 

for acidic chloroaluminate melts. We note that this equation 
implies that a transport-limited current density will not be 
observed, since through the dimerization reaction there is, 
effectively, an infinite quantity of the Al,Cl,- dimer. Since 
transport limitations are known to occur in the aluminum 
system, and we also observe them in the current work, we take 
into account the resistance associated with the homogeneous 
reaction, and we do not use Eq. 7. It is generally postulated that 
A1 reduction does not take place from the basic AIC1,-ImCl 
melt because no appreciable amounts of Al,Cl,- exist. Since Ga 
deposits can be formed from basic GaCl,-ImCl (Carpenter and 
Verbrugge, 1989), we hypothesize that Ga,Cl,- is present in 
these basic melts, and the following expression is used to 
describe the Ga deposition process 

Ga2C17- + 3e- S Ga + GaC14- + 3C1- (8) 

Equations 3 and 8 constitute our description of the salient 
chemistry of the Ga deposition process from the GaC1,-ImCl 
melt. 

Experimental Studies 

GaC1,- + GaCl, S Ga2Cl7- (2) 

with equilibrium constant K,,. Initial experimental studies of the 
GaC1,-ImCl melt have been recently published (Wicelinski and 
Gale, 1987; Wicelinski e t  al., 1987). Since very little GaCl, is 
thought to exist in the melts, it is expedient to combine Eqs. 1 
and 2 to obtain the following expression for the dimerization 

The electrolyte was a room-temperature molten salt consist- 
ing of gallium trichloride (Johnson Matthey, 99.999%) and 
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1 -methyl-3-ethylimidazolium chloride with a molar ratio of 
40:60. The synthesis of the organic chloride and the melt have 
been described previously (Carpenter and Verbrugge, 1989). 
Microdisk electrodes, obtained from Bioanalytical Systems, 
Inc., consisted of 5 pm radius Pt  disks potted in an inert chloro- 
fluorocarbon polymer (Kel-F). Microcylinder electrodes were 
fabricated by sealing a Pt wire (Johnson Matthey), 12.5 pM in 
radius, in a glass pipette such that approximately 0.5 cm of the 
wire was exposed. A small amount of mercury was placed in the 
pipette to provide electrical contact to a thicker Pt wire lead 
which was subsequently sealed with silicon sealant into the 
opposite end of the pipette, as shown in Figure 1. An aluminum 
wire reference electrode (Alfa) was briefly dipped in nitric acid 
and rinsed with purified water prior to use. 

Instrumentation and Cell Design 
All experiments were performed at  ambient temperature, 

approximately 22OC, in a Vacuum Atmospheres glove box 
(model DLX-001 -S-P) containing dry nitrogen (99.9995% N,, 
Scott Specialty Gases). The experimental cell, described previ- 
ously (Carpenter and Verbrugge, 1989), consisted of a three- 
electrode setup with the aluminum reference electrode located 
in a remote cell compartment to prevent aluminum contamina- 
tion of the electrolyte. Microelectrode experiments were con- 
ducted without stirring. Potential or galvanostatic control of the 
cell electrodes was provided by an EG&G Princeton Applied 
Research Potentiostat/Galvanostat model 273. A Nicolet 4094B 
digital storage oscilloscope was used to collect the data for 
storage on floppy disks. Data analysis and display were per- 
formed on an IBM PC/AT using software developed by 
S-Cubed (a division of Maxwell Laboratories). 

Mathematical Model 
In this section, a mathematical model is presented that can be 

used to describe Ga deposition from a GaCIJImCl molten-salt 
electrolyte. The relevant phenomenological equations are pre- 
sented first, followed by the conservation equations required to 
satisfy the natural laws of classical physics. 

PLATINUM 
ELECTRICAL CONTACT 

SILICONE SEAL 

MERCURY 

ELECTROLYTE LEVEL 

GLASS TUBE 

MICROCYLINDER I 
1 -  
I -> -- ELECTRODE 

Figure 1. Microcylinder electrode. 

Models for transport in concentrated solutions such as our 
melt system all contain an unsatisfying degree of approximation 
since it is impossible to take into account all of the multibody 
interactions. The Stefan-Maxwell approach (Hirschfelder et al., 
1954) has become one of the more accepted approaches. To use 
the Stefan-Maxwell approach is probably not warranted in this 
initial study of the chlorogallate melt. We employ a simpler 
analysis that makes use of a Nernst-Planck ionic flux equation. 
The Stefan-Maxwell approach is more rigorous, although it too 
is approximate, and more parameters (six binary-interaction 
coefficients for our four-species system) are introduced that we 
do not presently have a good way of estimating. To indicate the 
approximations inherent in our analysis, we begin by writing the 
electrochemical potential pi  of an ion i as 

p i  = pp + RT In c i r i  + zi F @  

where p' represents a standard state, R is the gas constant, T is 
temperature, c is concentration, l? is an activity coefficient, z is a 
charge number, F is Faraday's constant, and @ is the electric 
potential. We now specify that electrical contributions to p j  
enter only through the last term. (A critical discussion of such a 
definition for p i  can be found in Newman, 1973a.) All other 
contributions are termed chemical. We now write the flux Ni in 
terms of the gradient in pi  

This equation can be viewed as a definition of Di. Upon 
substituting in our expression for p,, we obtain 

Di Ni = - DiVci - z ,  F - V @  - DiciV In ri RT 

If the activity coefficient is not a function of position, V In rj = 0 
(implying that all species are chemically similar), and the 
Nernst-Planck equation results: 

The following subscript convention will be used to refer to the 
various species 

1 Im+ 

2 GaCL- 

3 Ga2Cl7- 

4 c1- 
The rate of the homogeneous reaction yielding Ga,CI,-, Eq. 

3, is represented by 

The rate constants for this reaction, kfand k,, are related to the 
equilibrium constant KIIl by Eq. 5 .  

The Butler-Volmer equation (Newman, 1973a; Bard and 
Faulkner, 1980) constitutes the final phenomenological equa- 
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tion employed. For the reduction of Ga,Cl,-, in accordance with 
Eq. 8. 

i 
r, = - nF 

where re is the rate of the charge-transfer reaction (mol/cm2 - s ) ;  
k ,  and k ,  are the anodic and cathodic rate constants, respectively; 
n is the number of electrons in the electrochemical reaction 
(three for gallium deposition); f = F/(RT) ,  a constant under 
isothermal conditions; B is the symmetry factor (0 < /3 < 1); Vis 
the potential of the working electrode measured against a chosen 
reference (an aluminum wire in this study); and +o is the value 
of the electric potential in solution just outside the region in 
which the charge-transfer reaction takes place. The rate con- 
stants are related by the equilibrium electrode potential U" 

R T  k,  
U0 = Z l n G  

Equivalent to Eq. 1 1, the Butler-Volmer equation can be stated 
as 

in which i, is the exchange current density 

Surface concentrations are employed in Eqs. 1 1  and 14. The 
surface overpotential. 9,. reflects the amount of energy devoted 
to an electrochemical reaction: 

where V, is the electrode potential difference in the absence of 
resistance to the charge-transfer reaction. Equations 9, 10, and 
1 1  are the only phenomenological equations employed in the 
model. A schematic illustration of the electrochemical system 
and the mathematical analog is given in Figure 2. 

Mass and energy conservation equations are utilized in 
conjunction with Eqs 9, 10. and I 1  to complete the mathemati- 
cal model. Material balances on the GaC1,-, Ga,Cl,-, and C1- 
species yield: 

ac2 
at 
- = z2Fu2(c2V2+ + V C ~  - V*) 

I PHENOMENOLOGICAL EQUATIONS 

kJ 
2GnC1; + GazCI, + CI 

kb 
ELECTROLYTE 

%.,a, = k f ( c G q  )' - kb(ccla, )(% ) 

N. = -z,Fu,c,V+ - D,Vc. (for dl species I)  

Ga2CI; + 3e- .-. Ga + GaCI; + 3C1- 

-. . .- . . __  .. 
ELECTRODE 

Figure 2. Electrochemical system and mathematical ana- 
log. 
u, - Q / ( R T )  
Listed phenomenological equations are combined with mass and 
energy conservation equations to complete thq model. 

Conservation of charge results in two more equations. Electro- 
neutrality is employed so as to eliminate the application of 
another material balance equation for the Im+ species 

4 

1 zicj = 0 
i -  I 

Secondly, the transport of ions is related to the current density in 
solution 

which c a n  be combined with Eq. 9 to state 

where the denominator is the conductivity of the electrolyte K .  

The five unknowns (c, and +) can be obtained by solution of 
the field equations, Eqs. 16-19 and 21. The initial conditions are 
that of bulk concentration for all species (c, = ci) .  The bulk 
concentrations can be obtained as follows. First, it is recognized 
that the GaCl, added initially to the ImCl reacts to form GaC1,- 
and Ga,Cl,- 

Second, in accordance with Eq. 3, 

Last, electroneutrality must be observed, which provides the 
third equation for the three unknown bulk concentrations; cy, 
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cy, and c r .  The concentration of the imidazolium cation c: is 
simply calculated from the amount of ImCl added initially. For 

(Conte and de Boor, 1980) ar2 r ar 

operator for the potential CP and concentration c; 

c:, the following equation is easily solved by Newton's method aZ+ yacp V2@ = - + -- (32) 

y = 0 planar electrode 

y = 1 cylindrical electrode 

y = 2 hemispherical electrode 

(33) 

(34) 

(35) 

The current density in solution also varies differently with 
position for the different geometries, Eq. 21, Upon solution of this equation for cT, the following two equa- 

tions can be utilized to obtain cy and cy: 

The boundary conditions far from the electrode are 

ci(t ,  CO) = c; (i = 1 , 2 , 3 , 4 )  

O(m) = 0 

The equations presented in this section form the mathematical 
model and were solved using Newman's finite-difference algo- 
rithm (Newman, 1968, 1973a). 

It is important to note that the microhemisphere equations 
might be used to simulate qualitatively the microdisk system for 
very small disks (less than 5 pm dia.). It is commonly stated that 
the two systems are quite different in that the hemisphere 
maintains a uniform reaction rate over its surface, while the disk 
has a nonuniform reaction distribution. For this reason, it has 
been stated in numerous publications that the two systems can 
never be described quantitatively by the same differential 

(26) 

(27) 

(28) 

equations. Inspection of the diffusion-limited current density 
( j a m )  expressions for disk and hemisphere: 

At the electrode surface, the species fluxes and concentrations 
are related to the charge transfer reaction rate by means of the 
cell current density: 

4 nFDc" 
i,,, = -- (37) 

1 adisk 
= - z ~ F u ~ c ~ V @  - D ~ V C ~  (29) 

nFDc" 
- 

J i m  = ___ (38) 

and the current density under primary current distribution 
conditions (Newman, 1966a) (i.e., no kinetic or mass-transport 

ahernisphere 
= - z ~ F u ~ c ~ V @  - D ~ V C ~  (30) h 

-21 = - z ~ F u ~ c ~ V @  - D ~ V C ~  (31) resistance): 
flF r=a  

4 KCPo 
1 = -- 

adisk 
(39) where a is 

microcylinder electrodes, and 0 for planar electrodes. (Equa- 
tions 19 and 21 can be applied as they are written at  the 

the electrode radius for microhemisphere and 

(40) 
K@o electrode surface.) I=------- 

the species concentrations and fluxes are independent of the 
electrode potential V, provided only one electrochemical reac- 
tion takes place, and the reaction rate is uniform over the 

microhemisphere electrodes). For controlled-potential experi- 

For controlled-current experiments (chronopotentiometry), ahernisphere 

illustrates that the substitution of 

K 
electrode surface (as is the case for the microcylinder and adisk = 4 ahemsphere (41) 

ments (chronoamperometry), a current-potential-concentration 
relationship (for example, the Butler-Volmer equation, Eq. 1 1) 
is applied to obtain the cell current. It is clear that for 
one-dimensional systems, controlled-current processes are easier 
to simulate than controlled-potential processes, as has been 

might be used to simulate the disk system using the hemisphere 
equations. This would simplify considerably the two-dimen- 
sional analysis of the disk system since the one-dimensional 
equations for the hemisphere are much more easily solved. 

noted previously (Verbrugge and Tobias, 1985). 
In this work, microhemisphere, microcylinder, and planar 

electrodes are addressed. The differences between the three 
systems enter the transport equations through the Laplacian 

Results and Discussion 
Experimentally obtained voltammograms for Ga deposition 

from the 40:60 melt are shown in Figure 3. A 12.5 pn radius Pt 
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wire was employed as the working electrode, and an aluminum 
wire was used as the reference. Cathodic currents are reported 
as  negative values. We will not address the anodic portions of the 
voltammograms. It is clear from an inspection of Figure 3 that 
mass-transport resistance is significant for potentials negative to 
-0.75 V, as faster sweep rates yielded larger currents. The 
broad range of nearly zero current (between -0.2 and -0.6 V) 
indicates a kinetically hindered electrode reaction for the 
deposition process. 

Between -0.5 and -0.7 V, slight oscillations in the current- 
potential traces of Figure 3 are observed. In an effort to clarify 
this region, a 10 pm Pt microdisk electrode was employed. Since 
the area of the microdisk is far less than that of the microcylin- 
der, single events (such as those associated with Ga crystalliza- 
tion phenomena) may not be as obscured by the noise of the 
other similar events. (There will be less of an averaging of 
signals.) The microdisk data of Figure 4 clearly show repeated 
oscillations a t  the onset and termination of the Ga deposition 
reaction. The boxed regions of Figure 4 indicate the relevant 
portions of the current trace. Although we do not address 
further the oscillation phenomena in this work, it is evident that 
microdisks can be used to elucidate such behavior. 

As mentioned directly below Eq. 3 1, controlled-current exper- 
iments are more useful than controlled-potential experiments 
for the acquisition of parameters not associated with the 
electrode reaction. The current step results of Figure 5 were 

“7 I---- --- 

3W mVls -1 

i M i  , , , , , , , , , 
1 -0E -OA -0.4 -0.2 0 02 

POTENTI& IVOLTSJ 

Figure 3. Cyclic voltammogram of 40:60 melt. 
Top curve: 30 mV/s. 
Bottom curve: 300 mV/s 
Working electrode: 12.5 pm radius Pt wire 

0 PO 4) w M IM 120 1 w  160 lea 2M 

TIME ISECONOSI 

Figure 4. Current oscillations for Ga deposition reaction. 
Top curve: Electrode potential 
Bottom curve. Current response 
Working electrode: 5 pm radius Pt dtsk 

used to obtain K,,, kj, and k,. (The equilibrium constant K,,, and 
k,were fitted to the data, and Eq. 5 was used to extract kb.) The 
diffusion coefficients of GaC1,-, Ga,CI,-, and C1- were set to 1 
x lo-’ cm’/s in accordance with data for the AlC1,-ImCl 
system (Lai and Skyllas-Kazacos, 1988; Carpio et al., 1979; 
Hussey et al., 1979). A value of 1 x cm’/s was used for the 
larger Im’ ion. (The model is not particularly sensitive to the 
Im+ diffusion coefficient.) Shown in Figure 5 are data for a 14.1 
mA/cm’ current step. Data for a 17.7 mA/cm2 current step 
were quite similar and are not shown. The two experiments were 
modeled by the microcylinder equations presented; good agree- 
ment was obtained with the following parameter values: 

KIIl = 0.30 

kf = 0.010 cm3/mol . s 

kb = 0.033 cm3/mol . s 

The transition time corresponds to the concentration of Ga2C1,-, 
obtaining a value of nearly zero at  the electrode surface, a t  
which time the potential is driven to a more negative (cathodic) 
value since another electrode reaction is forced to occur. The 
transition time in Figure 5 is 24 s. For the 17.7 mA/cm2 
experiment, a transition time of 16 s was observed. Results of the 
model for the 17.7 mA/cm’ current step are shown in Figure 6 .  
The dimensionless surface concentration of Ga,CI,- (c,/cy) is 
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Figure 5. Current-step experlment. 
Top curve: Current source 
Bottom cuwe: Potential response 
Working electrode: 12.5 pm radius Pt wire 
A 24 s transition time is obsmad, open-circuit potential is shown to 
bc -238 mV 

plotted against dimensionless time (rD3/az) and position (r  - a)/ 
(Sa). Far from the electrode (dimensionless position of I ) ,  the 
Ga,CI,- concentration maintains its bulk value for all times. At 
the electrode surface (dimensionless position of 0), the Ga,Cl,- 

I 

z 
? 

E r n  
Y 
CI 

0 , - - Y o  
0 032 on4 aoa 126 in 

TIWE 

Figure 6. Simulated Ga,CI,- concentratlon profile for 17.7 
mA/cm2 current-step experiment. 
Dimensionl*is conantration: cj/c;.  
Dimensionless p i t i o n :  (r  - 0 ) / ( 5 0 ) .  
Dimensionl*is time: rD,/o' 

concentration is initially that of the bulk and reaches a value of 
zero near a dimensionless time of unity. The current is switched 
to a value of zero soon after the transition time, and the surface 
concentration of Ga,Cl,- is then augmented by transport from 
the bulk to the surface. 

The open-circuit potential of Figure 5 can be used to extract 
U". Eq. 12: 

RT c: 
V=UO+- ln -  (open circuit) (42) nF c3c;)' 

A value of -0.33 V was obtained for UO. (The concentration 
terms in Eq. 42 account for the deviation from the -0.238 V 
observed for the open-circuit potential of Figure 5 .  In general, 
the open-circuit potential is very reproducible in this system.) It 
should be noted that if the homogeneous reaction forming 
Ga,CI,-, Eq. 3. were assumed to be in equilibrium, then no 
limiting current would be observed (and no transition time 
either) for the system as long as GaCI,- was present. Since 
transition times and limiting currents are observed' for the Ga 
and A1 systems, there must be some kinetic hinderance to the 
dimerization reaction. With regard to the present work, a value 
of k, much larger than that which was obtained would yield 
increasing surface concentrations of Ga,CI,- during deposition. 
This can be rationalized by inspection of Eq. 7 (replacing A1 
species with Ga species). For every four moles of Ga,CI,- 
reduced, seven moles of GaCI,- are produced, which through 
the homogeneous equilibrium would produce more Ga,Cl,-. 

The electrode reaction was investigated by means of linear- 
sweep voltammetry. The potential region of interest for the 
deposition reaction extends from -0.2 to -0.8 V, as exhibited 
in Figure 3. Shown in Figure 7 are potential sweep data (300 
mV/s) used to obtain electrode kinetic parameters. The dashed 
line in Figure 7 corresponds to the model calculations with the 
following electrode kinetic parameters: 

i,, = 0.010 mA/cm2 

B = 0.11 

where the subscript m denotes that the exchange current density 
of 0.010 mA/cm2 is based on bulk concentrations, Eq. 13. It is 
interesting to note that MacArthur and Bendert (1986) found 

. -  
9' 

-I+ 

-20 t., -._.A . . . . A U - u L - 2 -  -1- 

-0.80 -0 6 5  -0 50 -0 35 -0 20 

POTENTIAL lvoltsl 

Figure 7. (-) Potential-sweep experiment, 30 mV/s. 
Working elcctrode: 12.5 pm radius Pt wire 

Experimental data; --- model results 
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values of i, = 0.2 mA/cm2 and p = 0.25 for the acidic 
AIC1,-ImCI system. (0 was extracted from their Tafel plots.) In 
general, it appears that the Ga deposition process from the 
Ga-based melt, which involves species of higher molecular 
weight, is more kinetically hindered than the A1 deposition 
process from the analogous Al-based melt. 

The utility of microelectrodes for the analysis of the molten 
salt system is investigated in Figure 8. Shown are simulated 
voltammograms for the 40:60 melt using the obtained parame- 
ters for a planar, a 12.5 pm radius microcylinder, and a 12.5 pm 
radius microhemisphere electrode. The counterelectrode is lo- 
cated 62.5 pm from the working electrode, and its contour is 
taken to match that of the working electrode; the 62.5 pm 
separation corresponds, essentially, to infinity for the cylindrical 
and hemispherical electrodes. Three trends are immediately 
identifiable: 

1. The current densities increase for specified electrode 
potentials in the order of planar i microcylinder < microhemi- 
sphere; 
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Figure 9. Effect of migration on Ga deposition process. 
To obtain Diffusion Only curve, migration component for Ga,CI, 
species was set to zero 
12 5 pm radius microcylinder used for analysis 

2. The ohmic drop decreases in the order of planar > 
microcylinder > microhemisphere (note that the current densi- 
ties are not equal for the different systems at  various electrode 
potentials; also, the ohmic potential drop corresponds to @,, since 
the diffusion potential [Newman, 1973al is very small in these 
cases); 

3. The amount of hystersis follows the order of planar > 
microcylinder > microhemisphere. 
Since the ohmic drop must be subtracted from the measured 
potential to obtain kinetic parameters, it is clear that the 
microelectrodes provide a distinct advantage. In addition, the 
microcylinder and microhemisphere electrodes provide uniform 
reaction distributions. 

The importance of migration for the transport of Ga,CI,- is 
shown in the simulated voltammograms of Figure 9. The dashed 
curve was obtained by setting the Ga,Cl,- migration term to 
zero. Since the cathode is negative, the Ga,Cl,- anion migration 
flux is away from the electrode and impedes deposition. Greater 
than a 10% increase in the current density a t  -0.85 V is 
observed if the Ga,Cl,- migration flux is neglected. 

Conclusions 
Microelectrodes have been shown to be particularly useful for 

the acquisition of thermodynamic, transport, and kinetic data 
for the gallium trichloride/ 1 -methyl-3-ethylimidazolium chlo- 
ride room-temperature molten salt that has been used for the 
formation of GaAs thin films (Carpenter and Verbrugge, 1989). 
Physicochemical constants for the Ga deposition process in the 
chlorogallate melt were obtained using microcylinder elec- 
trodes. Migration was found to be an important mode of ionic 
transport. Microdisk electrodes were employed to investigate 
oscillation phenomena related possibly to metal crystallization 
processes. Analysis of the electrode kinetic data indicates that 
the Ga deposition reaction from the basic chlorogallate melt is 
not as facile as that of Al deposition from the analogous acidic 
chloroaluminate melt. The benefits of microelectrodes relative 
to traditional macroelectrodes (planar electrodes) are eluci- 
dated by simulation results. 
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Notation 
a = electrode radius, cm 
c = concentration, mol/cm3 

D = diffusion coefficient, cm’/s 
f = F/RT ,  mol/V . equiv 
F = Faraday’s constant, 96,487C/equiv. 
i = current density, A/cm2 
i, = exchange current density of reaction, A/cm2 

k ,  = anodic rate constant 
k ,  = backward rate constant 
k ,  = cathodic rate constant 
k, = forward rate constant 
K = equilibrium constant 
n = number of electrons in reaction, equivalents/mol 

N = ion flux, mol/cm2 . s 
r = radial position, cm 

R = gas constant, 8.314 J/mol . K 
t = time, s 
T = temperature, I( 
V = electrode potential relative to reference electrode, V 
z = charge number, equivalents/mol 

Greek letters 
@ = symmetry factor of reaction 
9, = surface overpotential of reaction, V 

K = electrolyte conductivity, mho/cm 
@ = electrical potential, V 

Subscripts 
1 = Im’ 
2 = GaCI, 
3 = Ga,CI, 
4 = c1 
i = species i 
I = reaction I 

11 = reaction I1 
111 = reaction 111 
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